Open Access Article. Published on 07 December 2020. Downloaded on 7/24/2025 3:43:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 790

Received 5th October 2020,
Accepted 7th December 2020

DOI: 10.1039/d0nr07117j

Polarized emission of CdSe nanocrystals in
magnetic field: the role of phonon-assisted
recombination of the dark excitont

Gang Qiang, & *12 Aleksandr A. Golovatenko, &2 *1° Elena V. Shornikova, €2
Dmitri R. Yakovlev, © **® Anna V. Rodina,® Evgeny A. Zhukov,® Ina V. Kalitukha,”
Victor F. Sapega,® Vadim Kh. Kaibyshev, €2 ® Mikhail A. Prosnikov,©

Peter C. M. Christianen, Aleksei A. Onushchenko® and Manfred Bayer (2

The recombination dynamics and spin polarization of excitons in CdSe nanocrystals synthesized in a glass
matrix are investigated using polarized photoluminescence in high magnetic fields up to 30 Tesla. The
dynamics are accelerated by increasing temperature and magnetic field, confirming the dark exciton
nature of low-temperature photoluminescence (PL). The circularly polarized PL in magnetic fields reveals
several unusual appearances: (i) a spectral dependence of the polarization degree, (ii) its low saturation
value, and (iii) a stronger intensity of the Zeeman component which is higher in energy. The latter feature
is the most surprising being in contradiction with the thermal population of the exciton spin sublevels.
The same contradiction was previously observed in the ensemble of wet-chemically synthesized CdSe
nanocrystals but was not understood. We present a theory which explains all the observed features and
shows that the inverted ordering of the circularly polarized PL maxima from the ensemble of nanocrystals
is a result of competition between the zero phonon (ZPL) and one optical phonon-assisted (1PL) emission
of the dark excitons. The essential aspects of the theoretical model are different polarization properties of
the dark exciton emission via ZPL and 1PL recombination channels and the inhomogeneous broadening
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1. Introduction

For a few decades, colloidal semiconductor nanocrystals (NCs)
have been the focus of intensive research. Due to the continu-
ous progress in technology, nanocrystals with different sizes,
shapes, compositions, and surface properties have been
synthesized."® Understanding their optical, electrical and
chemical properties has led to applications in various fields,
such as light-emitting diodes,”'® laser technology,"* field-
effect transistors,'? solar cells,*'* biological labels,">"® etc.
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of the PL spectrum from the ensemble of nanocrystals exceeding the optical phonon energy.

For direct bandgap semiconductor NCs, e.g. made up of
CdSe, CdTe or InP, most of the optical properties can be
explained within the exciton fine structure model."” > In ideal
spherical NCs, the band-edge exciton state 1S3,1S. is eight-
fold degenerate. 1S3/, is the lowest quantum size level of the
holes and is four-fold degenerate with respect to its total
angular momentum components. 1S. is the lowest quantum
size level of the electrons, which is doubly degenerate with
respect to its spin components. However, due to the NC shape
asymmetry, the intrinsic crystal field, and the electron-hole
exchange interaction, the degeneracy is lifted resulting in the
formation of five exciton states. In the case of wurtzite CdSe
NCs, the two lowest states are a typically optically forbidden
(dark) exciton state |F) (angular momentum projection along
the NC quantization axis +2) and a higher-lying optically
allowed (bright) exciton state |4) (momentum projection +1)."°
The presence of the bright and dark excitons allows one to
explain the recombination dynamics, spin dynamics, and
magneto-optical properties, taking into account also the
Zeeman effect.'”>' 7

CdSe NCs are a test bed for investigation of colloidal NCs;
therefore, their optical properties have been extensively

This journal is © The Royal Society of Chemistry 2021
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studied. External magnetic fields have been used as a powerful
tool not only to address magneto-optical properties and spin-
dependent phenomena, but also to identify the exciton energy,
spin structure and mechanisms responsible for recombination
of the dark excitons. In particular, the following magneto-
optical properties in external magnetic fields of wet-chemically
synthesized colloidal CdSe NCs were reported: shortening of
the dark exciton lifetime,"”"*® circular polarization of photo-
luminescence (PL),>"?*293° exciton fine structure splitting
including the Zeeman effect in single NCs,*>*' anisotropic
exchange interaction,*?? and electron spin coherence.’**> All
these make the colloidal NCs promising for spintronics and
quantum information applications based on the spin-depen-
dent phenomena. No magneto-optical study has been per-
formed so far on CdSe in the glass matrix.

Studies on the circularly polarized PL of CdSe-based NCs in
the magnetic field®** revealed a puzzling behavior: with
increasing field the ¢~ polarized PL, which is stronger in inten-
sity compared to the ¢' component, shifts to higher energy
than the ¢ polarized emission. This contradicts with the
expectation for the thermal population of the exciton spin sub-
levels split in the magnetic field. Later, the same contradiction
was reported for colloidal CdTe NCs.** This contradiction,
however, is absent in fluorescence line narrowing (FLN) experi-
ments and in measurements of single NCs, i.e. for the experi-
mental conditions when the inhomogeneous broadening of
the PL due to NC size dispersion in the ensemble is
suppressed.”* In the FLN experiments, pronounced optical
phonon-assisted recombination of the dark exciton was
observed.'”?%2936738 Under nonresonant excitation, the low-
temperature PL of the NC ensemble is contributed by zero
phonon and optical phonon-assisted exciton emission, which
form overlapping bands due to NCs of different sizes."”*” In
ref. 22 and 29, the contradiction with respect to the energy
shift was tentatively assigned to the interplay between different
emission channels of the dark exciton. However, a corres-
ponding theoretical model has not been proposed so far.

For the present magneto-optical study, we choose CdSe NCs
which are synthesized in a glass matrix. One of the motiv-
ations is to compare their magneto-optical properties with
those of the wet-chemically synthesized CdSe NCs. Further
reasons are based on the simpler experimental situation,
namely the simpler surface conditions due to the absence of
organic ligand passivation, long-term stability due to the
matrix encapsulation, and the ideally random orientation of

Table 1 Parameters of CdSe NCs in glass measured at T = 4.2 K
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the NC quantization axis in the glass-based NC ensemble
which allow us to make an easier model description. The wet-
chemically grown and glass-based NCs differ by their surface
conditions. In the first case, a NC is passivated using organic
ligands, in the second case is surrounded by a glass matrix.
Our study shows that the magneto-optical properties of the
dark excitons in both cases are similar and not affected by the
difference in the NC surrounding media.

In this paper, we study CdSe NCs in glass with diameters
varying from 3.3 nm up to 6.1 nm and investigate the recombi-
nation dynamics and spin polarization properties of excitons
in strong magnetic fields up to 30 T. We find experimentally
the same contradiction between intensities and energies of the
circularly polarized PL as reported for wet-chemically prepared
CdSe NCs, and a strong spectral dependence of the circular
polarization degree. We develop a theoretical model account-
ing for the contributions of both zero phonon emission (ZPL)
and first optical phonon-assisted emission (1PL) of the dark
excitons, which allows us to describe all experimental
signatures.

2. Experimental results and modeling

2.1. Time-integrated and time-resolved photoluminescence

We studied four samples with CdSe NCs synthesized in a sili-
cate glass matrix (see Methods). The sample parameters are
given in Table 1. Their photoluminescence (PL) spectra
measured at 7' = 4.2 K are shown in Fig. 1a. The quantum con-
finement enhancement with reducing NC diameter shifts the
emission band to higher energies from 2.017 eV for D6.1 up to
2.366 eV for D3.3. The full width at half maximum (FWHM) of
the PL spectra is about 100 meV, which is caused by the dis-
persion of NC sizes. Absorption spectra are shown and com-
pared with the PL in Fig. S1.f The Stokes shift between the
exciton resonance in absorption and PL maximum is also size-
dependent, it is larger in smaller NCs, e.g. 89 meV in D3.3 and
only 22 meV in D6.1.

The low-temperature PL in the studied samples is domi-
nated by exciton recombination, which has a characteristic
decay variation with temperature and magnetic field. This
allows one to distinguish neutral and charged excitons in the
NCs.**™** Taking sample D6.1 as a representative example, we
show in Fig. 1b the recombination dynamics at various temp-
eratures. With increasing temperature from 2.2 to 20 K, the

Sample D3.3 D4.1 D4.9 D6.1

NC diameter (nm) 3.30+0.17 4.10 £ 0.21 4.9 £0.25 6.1+0.31
PL FWHM (meV) 120 99 96 101

PL peak energy (eV) 2.366 2.210 2.111 2.017
Absorption peak energy (eV) 2.455 2.267 2.160 2.039
Stokes shift (meV) 89 57 49 22
Bright-dark splitting from PL decay (meV) 3.9 4.3 2.6 0.9
Bright-dark splitting from FLN (meV) — 8.4 7.5 3.5

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Photoluminescence and recombination dynamics. (a) PL spectra of the studied CdSe NCs measured at T = 4.2 K. (b) Recombination dynamics
measured for sample D6.1 at various temperatures, B = 0 T. (c) Recombination dynamics measured for sample D6.1at B=0and 17T, T = 2.2 K.
(d) Scheme of exciton energy levels. |A), |F), and |G) denote the bright and dark exciton states, and crystal ground state, respectively. AExf is the
bright—dark splitting. yo is the zero-temperature relaxation rate from the bright to the dark exciton state. yoNg is the thermal activation rate of the
reverse process. I'y and I are the recombination rates of the bright and dark excitons. (e) Temperature dependence of the long component of the
PL decay, 7iong, for all samples at B = 0 T. The lines are fits with eqn (S57). (f) Magnetic field dependence of 7.ong at T = 4.2 K for all samples. The
lines show the averaged lifetime of the dark exciton calculated with eqn (S231) in a randomly oriented ensemble of NCs as described in ESI

section S4.2.1 The color codes in panels (e and f) are same as in panel (a).

decay time of the long component, 7y 4g, shortens from 212 ns
down to 58 ns. The temperature dependence of 7y, for all the
studied samples is given in Fig. 1e. One can see that the decay
times shorten with increasing temperature as a result of
thermal activation from the dark exciton to the bright exciton
state. A similar behavior is observed when external magnetic
field is applied; in Fig. 1c, the long component measured at
T = 2.2 K shortens from 212 ns down to 119 ns with increasing
field up to B = 17 T. The magnetic field dependence of 7;ng
for all studied samples is given in Fig. 1f.

This is the typical behavior for exciton emission in CdSe
NCs and can be well explained with the diagram as shown in
Fig. 1d (a detailed scheme of the exciton levels is given in
Fig. S13at). The optically forbidden dark state |F) with angular
momentum projection +2 is the exciton ground state. The
closest optically allowed bright state |A) with angular momentum
projection +1 is shifted to higher energy by the bright-dark
splitting AE,p'’ The fast component of the PL decay
is provided by the recombination of bright excitons with rate
I'y and their rapid thermalization to the dark state with rate
7o(1 + Ng), where y, is the spin—flip rate, Ny = 1/[exp(AEsp/kpT)
— 1] is the Bose-Einstein phonon occupation at temperature 7.
The long component corresponds to the dark exciton recombi-
nation with rate I'r. With an increase in temperature, the dark
excitons are activated to the bright state. In the case of a one-

792 | Nanoscale, 2021,13, 790-800

phonon process, the activation rate is given by yoNg. The short-
ening of the long component in a magnetic field is due to the
mixing of bright and dark exciton states by the field com-
ponent perpendicular to the NC quantization axis."”*® These
properties allow us to uniquely assign the long decay
component 7yon, to the recombination of the dark excitons.
More information about the PL decay fitting is given in ESI
section S2.F

The analysis of the 71,,, temperature dependence allows us
to evaluate the bright-dark splitting AE,r (see ESI section
S27). The corresponding fits are shown by the solid lines in
Fig. 1e, and the evaluated AE,r values are given in Table 1. In
Fig. Sé6c,t we compare the AE,r values with the literature
data'”?”7%° and a good consistency is found. However, AE,p in
D3.3 is deviating from the general trend, which may point
toward a slightly prolate shape of the CdSe NCs.** The AEp
values determined from fluorescence line narrowing (see ESI
section S2.31) are found to be larger compared to the values
determined from the 710, temperature dependence. Two
explanations for this discrepancy were proposed: (i) The AExg
values determined from the 7y,,, temperature dependence
correspond to the true values of the bright-dark splitting,
while the AE,r values from FLN can show an additional energy
shift due to polaron formation,** (ii) The AExr values deter-
mined from the 7y, temperature dependence correspond to

This journal is © The Royal Society of Chemistry 2021
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the energy of confined acoustic phonons, which provide
thermal activation to the bright excitons."®

2.2. Polarized exciton emission in strong magnetic fields

Let us turn to the main focus of this paper, i.e. the polarized
exciton emission in strong magnetic fields. Fig. 2a (left axis)
shows circularly polarized PL spectra of the sample
D6.1 measured at 7= 4.2 K and B = 30 T. One can see that com-
pared to the black spectrum at B = 0 T, the intensity of the ¢~
component (blue) is increased, while it is decreased for the ¢
component (red). The green line in Fig. 2a (right axis) shows
the spectral dependence of P, which is larger at the high
energy side (—0.63), decreases around the PL peak energy, and
remains nearly constant (—0.53) at the low energy side. This is
quite unusual as one does not expect to have a considerable
spectral dependence of the dark exciton g-factor, gg, within the
emission line. In fact, as shown below (Table S37), gr is about
constant for all studied NCs covering a much larger spectral
range.

Fig. 2b shows the magnetic field dependence of the time-
integrated degree of circular polarization (DCP), P, measured
at the PL maximum. It is expected that in the ensemble of NCs
with randomly oriented c-axis (the case for NCs in glass), the
DCP saturation value should reach —0.75.>' However, as one
can see in Fig. 2b, this is obviously not the case, P"t does not
reach —0.75 and has a clear size-dependence. At B =30 T, P" =
—0.56 in D6.1 and —0.66 in D3.3.

Fig. 3a-d show the magnetic field dependence of the polar-
ized PL intensity. The o  polarized component increases
monotonously with the magnetic field and the ¢" polarized
component remains almost constant after an initial decrease.
Most surprising are the spectral shifts of the 6" and ¢~ polar-
ized components (Fig. 3e and f). For neutral excitons, it is
expected that the PL maximum of the stronger component, i.e.
o, shifts in the magnetic field to lower energy, as the lower
energy spin state of the exciton has the higher thermal popu-
lation. This expectation is shown by the dashed lines for the
sample D6.1 in Fig. 3e (more details will be given below), but
the experimental shift of the PL maximum demonstrates a very

View Article Online
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different behavior. First, for the D6.1, D4.9 and D4.1 samples,
the ¢ component shifts to lower energy and second, the split-
ting between ¢' and ¢~ is several times larger than expected
(Fig. 3e-g). In the sample D3.3, both components shift initially
to higher energy and the ¢ component lowers its energy for
fields above 15 T (Fig. 3h).

2.3. Model description

In order to resolve the contradiction between intensities and
energies of the polarized PL, we extend the theoretical model
for the circular polarized emission from an ensemble of ran-
domly oriented nanocrystals first developed in ref. 21. The
extension accounts for the linearly polarized contribution
coming from the dark exciton recombination assisted by
optical phonons. For the spectrally broad PL bands in CdSe
NCs of about 100 meV width, which is four times the optical
phonon energy in CdSe (26 meV in bulk), the PL is composed
of the ZPL emission of the dark excitons from NCs of one size
and optical phonon-assisted emission of the dark excitons
from smaller NCs, as illustrated in Fig. 4a. The contribution of
acoustic phonon-assisted recombination of the dark excitons
cannot be resolved within the ZPL line; however, it is can be
seen by single nanocrystal spectroscopy.’® The ZPL emission
usually has properties of a two-dimensional dipole, indicating
the activation of the +2 dark exciton through an admixture
with the +1™Y bright excitons (see Fig. 4d)."” However, the
specific mechanism of the ZPL recombination is still under
debate.”®° It was shown in ref. 48 that the dark exciton
recombination with the assistance of optical or acoustic
phonons results in predominantly linearly polarized emission,
corresponding to the admixture of the 0V bright exciton
(Fig. 4c). Thus, the ZPL and phonon-assisted emission have
different spatial distribution profiles of the emission, which
are determined by the relative orientation between the direc-
tion of the light propagation and the direction of the aniso-
tropic c-axis of wurtzite CdSe nanocrystals.'”*”**® In the case of
a randomly oriented ensemble of nanocrystals, all these
factors modify the magnetic field and spectral dependences
of Pint,

@ 104 038 ® -08{D33 To22K
%, 0.8+ 0.6 064 174 o
5 0.6+ x x 1D6.1
E --04 3 as-04-
= 0.4+ .
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Fig. 2 Polarized photoluminescence in magnetic field. (a) (left axis) ¢~ (blue) and &* (red) circularly polarized emission, measured at B = 30 T for
sample D6.1. The black spectrum at B = 0 T is shown for comparison. (right axis) Green and red-dashed curves show the experimental and calcu-
lated spectral dependence of the time-integrated DCP, respectively. The orange curve is the function fzp (E) and the cyan curve is the calculated PL
spectrum at B = 0 T, which accounts for the ZPL and 1PL contributions. (b) Magnetic field dependences of P (B) measured at the PL maximum in

all samples. Lines are fits with eqn (1) and (3).
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Fig. 3 Photoluminescence intensity and spectral shifts in magnetic fields. (a—d) PL intensity of the ¢* (red) and ¢~ (blue) polarized PL as functions of
the magnetic field in the CdSe NCs. (e—h) Magnetic field dependences of the corresponding PL peak energies. For all panels, the symbols corres-
pond to the experimental data, and the lines show the modeling results. Dashed lines in panel (e) show the Zeeman splitting of the dark exciton
spin sublevels —2 (blue) and +2 (red) in a nanocrystal with the c-axis parallel to the magnetic field direction. We note that the energy of +2 states at
B = 0 T is taken the same as the PL maxima position for the sake of demonstrativeness. Relative positions of +2 energy state distribution maxima and

polarized PL maxima in the applied magnetic field are shown in Fig. S15.1

The modeling results presented in Fig. 2 and 3 are based
on the consideration of the ZPL and one optical phonon-
assisted line (1PL) contributions to the PL. The contribution of
the linearly polarized recombination of the dark exciton with
assistance of acoustic phonons is considered in ESI section
S4.1 Our task is to calculate the ¢ and ¢~ polarized PL spectra
and the spectral dependence of P". For this purpose, we sum
the ZPL and 1PL contributions, which have different spectral
distributions, and average them over the random orientation
of the hexagonal c-axis in an ensemble of NCs:

1*(E,B) = L dx ;ZILZPLi (x)fypL (E — SEi(x, B)) "

+ I,’JpLi (x)fipL(E — 5Ei(x, B))

Here, E is the spectral energy, SE.,(x, B) = +gpupBx/2 are the
Zeeman shifts of the +2 dark exciton states, x = cos @ with &
being the angle between the c-axis of the nanocrystal and the
magnetic field applied in the Faraday geometry. The explicit
forms of I;zp;(x) and I;1p.(x) are given in ESI section S4.f
Functions f;pr(E) and fipr(E) describing the inhomogeneous

794 | Nanoscale, 2021,13, 790-800

broadening of ZPL and 1PL emission due to size dispersion of
NCs are determined as follows:

JfaeL(E) = u%/ﬁexp (7%> |

2w?
_ 1 (E — E?PL)Z (2)
Jie(E) = oo P (—T)

=fzpL(E + Er0).

Here, Ej,,; corresponds to the energy of the ZPL in QDs at
the maximum of the size distribution, E;o = 26 meV is the
energy of the optical phonon in CdSe, and w is the standard
deviation. The function fzpr(E) used for the fitting of the
experimental data for the D6.1 sample is shown in Fig. 2a by
the orange line. The cyan line in Fig. 2a models the PL spec-
trum at B = 0 T with accounting for the 1PL contribution.

Using eqn (1), we calculate the DCP spectral dependence as:

I (E,B) — I (E,B)

PMY(E,B) = — o
¢ (FB) I'*(E,B) + I (E,B)

3)

The fit parameters are: the dark exciton g-factor gw the
characteristic energy of interaction ¢ which results in the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Concept and theory. (a) Schematics representing the ZPL and 1PL contributions in an inhomogeneous ensemble of NCs. (b) Fine structure of
the 1S5,,1S,. exciton. Dashed lines show the dark excitons, and solid lines show the bright excitons. The properties of the +2 dark exciton emission
are acquired via the admixture of (c) the 0V bright exciton and (d) the +1-" bright excitons. The spatial profiles of the emission intensity are plotted
as functions of the angle 0 between the c-axis of a nanocrystal and the direction of light propagation. Green and orange arrows show the orientation
of one-dimensional and two-dimensional dipoles with respect to the c-axis of a NC. Calculated o~ (e) and ¢" (f) polarized PL spectra for sample
D6.1 (solid lines) at T = 4.2 K and B = 30 T. Dashed (dash-dotted) lines show the contributions from the —2 (+2) dark exciton state. Vertical dashed

line shows the position of the PL maximumat B =0T.

admixture of the dark and +1" bright exciton states in the zero
magnetic field, the ratio of the 1PL and ZPL recombination
rates at zero magnetic field y,, and a phenomenological para-
meter ¢pr, which determines an increase in the 1PL recombi-
nation rate in the magnetic field, while an increase in the ZPL
recombination rate in the magnetic field is described within
second order perturbation theory."”*® The parameter y, can be
estimated independently from the ratio of the 1PL to ZPL
intensities measured in fluorescence line narrowing experi-
ments. Typically, this ratio is of the order of unity.'”>%2-3038
The FLN spectra for samples D4.1, D4.9 and D6.1 are shown in
Fig. S7.7 Fitting of the magnetic field dependence of the long
decay time (Fig. 1f) imposes a restriction on the y,, ¢ and c¢ypy,
values. Finally, the linked sets of parameters y,, ¢ and cypy,
together with gr are used for joint fitting of the magnetic field
dependences of P, the intensities and maxima positions of
the 6~ and 6" polarized PL.

2.4. Modeling of experimental results

Results of modeling for magnetic field dependences of P"t at
the energy of zero magnetic field PL maximum are shown by
the lines in Fig. 2b. We find that low values of P" at B =30 T
are caused by the contribution of the predominantly linearly
polarized 1PL emission of dark excitons. This contribution is

This journal is © The Royal Society of Chemistry 2021

found to be stronger in large nanocrystals (Table S31), result-
ing in a smaller saturation value of the DCP, and is consistent
with the relative intensities of the 1PL and ZPL emission deter-
mined from FLN (see Fig. S77).

Besides the saturation of the DCP in high magnetic fields,
the 1PL emission causes the DCP spectral dependence (calcu-
lation is shown by the orange dashed curve in Fig. 2a). The
reason is the weaker relative intensity of the 1PL emission at
the high-energy side of the PL spectrum due to the small
number of NCs that can provide this contribution. The pro-
nounced spectral dependence of the DCP in large NCs corre-
lates with its low saturation level, i.e. with the strong 1PL emis-
sion (Fig. S187).

We turn now to the modeling of the intensities and
maxima positions of the ' and ¢~ polarized PL. The calculated
magnetic field dependences of the PL intensities (Fig. 3a-d)
are in good agreement with the experimental data for all the
studied samples. In a randomly oriented ensemble of NCs, the
emission of ¢ polarized photons from the predominantly
populated —2 dark exciton state results in the saturation of the
o' PL intensity at a level of 0.4 of the zero-field intensity. This
is observed for all the studied samples (Fig. 3a-d).

The ability of the dark exciton states to emit both ¢~ and ¢"
polarized light also explains the energy shifts of the polarized
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PL maxima in a magnetic field. The spectral maximum of ¢~
polarized PL (solid line in Fig. 4e) is determined by the
relationship between the ¢~ polarized emission from the —2
(dashed line) and +2 (dash-dotted line) states. In a magnetic
field, the ZPL emission from the —2 state dominates, and the
PL maximum shifts toward higher energy. This behavior is
observed in all the studied samples (Fig. 3e and h). Similarly
(Fig. 4f), the spectral maximum of ¢" polarized PL is deter-
mined by the emission from the —2 and +2 states. In high
magnetic fields, the 1PL emission from the —2 state domi-
nates, and the PL maximum shifts to lower energy. Thus, posi-
tions of polarized PL maxima to a large extent are controlled
by the emission of the —2 state: ZPL in the case of ¢~, and 1PL
in the case of ¢'.

For comparison, the Zeeman splitting of the dark exciton
spin sublevels —2 (blue) and +2 (red) in a nanocrystal with the
c-axis parallel to the magnetic field direction is presented in
Fig. 3e by the dash lines. One can see that it is much smaller
than the difference of PL maxima energies and also results in
reversed order (see also Fig. S157).

The developed model allows us to describe all unusual fea-
tures of the polarized PL in CdSe NCs by accounting for the
superposition of the ZPL and 1PL emission of the dark exci-
tons. It is important to note that the model is universal and
can be readily applied to describe the properties of the wet-
chemically grown NCs. Their magneto-optical properties are
very similar to what we have found in CdSe NCs in glass.***°
This allows us to conclude that the spectral shifts of the polar-
ized emission in magnetic fields are controlled by the mecha-
nism suggested in this paper and are weakly dependent on the
surface conditions. However, the surface can be strongly modi-
fied by the growth conditions and post-growth treatment in
the wet-chemically grown NCs. Furthermore, in this case, the
splitting of the PL lines in magnetic fields can be additionally
contributed by the surface states.

3 Discussion

From the fitting of the magnetic field dependences of the
DCP, we find that the g-factor of the dark exciton gr ~ 1.7 is
almost independent of the NC diameter. For colloidal CdSe
nanocrystals with a diameter of 5.7 nm, gr = 1.7 was deter-
mined in ref. 21. gr = 1.3 was estimated in ref. 30 for CdSe NCs
with diameters of 3.5-5 nm. This value is smaller than g ~ 4
obtained from theoretical estimations'” and g¢ = 2.7 from a
single CdSe/ZnS nanocrystal study.>® In ESI section S4.5,1 we
demonstrate the results of fitting with the assumption of an
additional linearly polarized contribution to the ZPL emission,
which can be associated with acoustic phonon-assisted recom-
bination of the dark exciton. In this case, we extract gr ~ 2.5,
almost independent of the NC diameter. Accounting for the
2PL and 3PL, emission can further improve the agreement of
experiment and theory for gr and for the energy positions of
the ¢" polarized PL maximum in the sample D3.3 (Fig. 3h) in
low magnetic fields.
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The dark exciton g-factor comprises the electron, g., and
hole, gy, g-factors as'” g = g — 3gh. The size dependence of g,
is well known for CdSe NCs***>°! (Fig. $267). This allows us to
evaluate the hole g-factor as gy = (g — gr)/3. Using the gr
values determined from the fitting with the linearly polarized
contribution to the ZPL, we find g, & —0.45 and without it g,
—0.15 for NCs with diameters of 4-6 nm (Fig. S27t). It is
smaller than the theoretically estimated value of g, ~ —1 from
ref. 17 and 52. However, the first value is close to g, =
—0.56 measured in giant shell CdSe/CdS colloidal nanocrystals
from the polarized PL of negative trions.*°

The values of the dark exciton g-factor used for the model-
ing of experimental data in Fig. 2 and 3 are obtained in the
assumption of thermal equilibrium between the +2 states.
However, the spin relaxation between these states requires a
change in the exciton total spin projection by AF = 4. If the
rate of this process is much slower than the dark exciton life-
time, the populations of the +2 states are determined by the
relaxation from the bright +1 exciton states. As shown in ESI
section S4.7-8,1 the fitting of the experimental dependences
in this case results in larger values of the dark exciton g-factor,
which are close to the theoretical estimations. The spin relax-
ation time, or spin dynamics, is often evaluated from the rise
of the degree of circular polarization in the magnetic field.”"*
However, such evaluation might be complicated in the case of
an ensemble with a nonmonoexponential PL decay.>® We have
presented the analysis of the DCP dynamics in ESI section S3,f
showing that in any case it is faster than the dark exciton
recombination and there is not much of a difference
between the time-integrated and saturated DCP values.
However, as this time is of the order of the relaxation time
from the bright to the dark exciton state (the first time com-
ponent in the PL decay), it is not possible to conclude whether
the DCP rise and the population of the dark exciton sublevels
is determined by the spin relaxation between +1 and +2 states.
Further clarification of this question is beyond the scope of
this paper.

In previous publications, a saturation value of the DCP in
high magnetic fields lower than —0.75 was associated with
nonradiative recombination of the dark excitons,”" partial acti-
vation of the dark exciton recombination via an admixture of
the 0V bright exciton resulting in linearly polarized ZPL emis-
sion,” or the presence of prolate and oblate nanocrystals in
the same ensemble.*® Accounting for the linearly polarized
dark exciton emission assisted by optical phonons is in line
with the first two explanations. Here, we show that consider-
ation of the 1PL emission of the dark excitons besides the sat-
uration of the DCP in high magnetic fields determines the
DCP spectral dependence. Similar to the samples studied in
the present paper, the DCP increase towards the high energy
part of the PL spectrum was previously observed for CdSe/CdS
dot-in-rods®* and CdTe NCs.>* Recently, it was also reported
for InP NCs,*® where also the strong phonon-assisted emission
of dark excitons was observed. We suggest that the developed
theory of the circular polarized PL with account of the
phonon-assisted recombination of dark excitons can explain

This journal is © The Royal Society of Chemistry 2021
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these and other experimental observations for different ensem-
bles of colloidal nanocrystals.

We introduce a phenomenological magnetic field-induced
increase of the 1PL recombination rate. This increase is
required for the modeling of the experimentally observed o~
and ¢' polarized PL maxima positions. Note that within our
model, the ¢~ and ¢" polarized PL maxima from the ensemble
have the inverted ordering with respect to the exciton Zeeman
splitting; however, both shift to higher energies if the 1PL
recombination rate is constant in the external magnetic field.
Within the second-order perturbation theory, the external
magnetic field results only in an increase in the ZPL recombi-
nation rate."””*® An increase in the 1PL recombination rate in
the external magnetic field, as well as in the recombination
rate with the assistance of two or three optical phonons,
requires consideration of higher-order corrections to the
recombination rate and will be presented elsewhere. It should
be noted that some additional influence on the shift of the
polarized PL maxima can come from the Forster energy trans-
fer between NCs in dense ensembles.?®>* It results in spectral
diffusion towards lower energy due to the exciton transfer
from smaller to larger NCs. These remarks indicate that the
analysis of the polarized PL of dark excitons in ensembles of
CdSe nanocrystals is a complicated task due to multiple
recombination channels with different energy and polarization
properties of the emitted light.

4 Conclusions

In summary, the spin polarization of excitons in CdSe NCs
embedded in a glass matrix has been studied experimentally
in strong magnetic fields up to 30 T. Several unusual features
in circularly polarized emission spectra have been found: a low
saturation of the degree of circular polarization combined with
a pronounced spectral dependence and large and inverted
spectral shifts between the oppositely polarized PL com-
ponents. This puzzling behavior is similar to those of earlier
reports on wet-chemically grown CdSe NCs. We have developed
a model that takes into account the cumulative contribution of
the zero phonon and one optical phonon-assisted emission of
dark excitons to the emission spectra of the NC ensemble.
This model describes well all unusual experimental findings
and can be readily extended to other colloidal nanocrystals,
whose inhomogeneous broadening exceeds the optical
phonon energy.

5. Methods

5.1. Samples

The CdSe NCs embedded in glass were synthesized by the fol-
lowing method, which allows considerable reduction of the
size dispersion of NCs. The batch composition of 61.5S5i0,,
15.0Na,0, 10.0ZnO, 2.5A1,0;, 3.0CdO, 4.1Se, 2.6NaF, and 1.3C
(mol%) was used to synthesize the initial glass suitable for the

This journal is © The Royal Society of Chemistry 2021
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precipitation of the cadmium selenide crystalline phase. The
given amount of activated carbon was introduced directly into
the batch in order to provide the required redox conditions of
the synthesis. The glass batch was melted in a laboratory elec-
tric furnace at 1400-1450 °C for 3 hours with stirring for
1 hour at the last stage of melting. The glass melt was poured
into graphite molds and annealed in an inertial cooling mode.
The initial glass was slightly yellowish in color and optically
transparent down to light wavelengths in the near ultraviolet.
To isolate the nanostructured CdSe phase, small pieces of the
initial glass were heat-treated under isothermal conditions in a
two-stage treatment mode, which allows preparation of high
quality samples with very low size dispersion of the CdSe
nanocrystals (standard deviation <5% as shown in ref. 55).
Precipitation of wurtzite modification of the CdSe phase was
also evidenced there. Using the data on the kinetics of CdSe
crystallite growth given in ref. 55, we determined the heat treat-
ment condition to prepare CdSe nanocrystals with different
diameters in the range from 3.3 nm up to 6.1 nm. We label the
samples with names starting with D followed by their diameter
in nanometers. Four samples were studied, whose parameters
are given in Table 1.

The prepared glass samples with CdSe NCs were examined
by small angle X-ray scattering (SAXS) with an infinitely high
primary beam using Ni-filtered CuK, radiation. We processed
the scattering curves, namely the angular dependence of the
scattered X-ray intensity, using the Guinier plot>® to obtain the
radius of gyration, R, of the CdSe crystallites and evaluate the
NC diameters with D = 2.58R,.

5.2. Absorption measurements

Low temperature absorption spectra were recorded with an
Agilent Cary 6000i UV-Visible-NIR spectrophotometer com-
bined with a helium flow cryostat. The spectra recorded at
T = 4.2 K are shown in Fig. S1.}

5.3. Polarized photoluminescence

The samples were placed in the variable temperature insert
(2.2 K to 70 K) of a cryostat so that they come into contact with
helium exchange gas. External magnetic fields up to 17 T were
generated by a superconducting solenoid and applied in the
Faraday geometry, ie. parallel to the direction of photo-
excitation and PL collection. The PL was excited with a con-
tinuous wave (cw) diode laser (wavelength 405 nm, photon
energy 3.06 eV). In all PL experiments, the samples were
excited nonresonantly, i.e. well above the exciton emission
energy. Low excitation densities not exceeding 1 W cm™> were
used to exclude effects caused by exciton—-exciton interactions.
The PL was detected in backscattering geometry, dispersed
with a 0.5 m spectrometer, and measured with a liquid nitro-
gen-cooled charge-coupled-device camera.

5.4. Time-resolved photoluminescence

A pulsed diode laser (wavelength 405 nm, photon energy
3.06 eV, pulse duration 50 ps, and pulse repetition rate 1 MHz)
was used for excitation. The PL was dispersed with a 0.5 m
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spectrometer and its decay was measured with a Si avalanche
photodiode connected to a conventional time-correlated
single-photon counting module with an overall temporal
resolution of 200 ps.

5.5. Polarization-resolved photoluminescence

The PL circular polarization degree was analyzed by a combi-
nation of a quarter-wave plate and a linear polarizer. Both the
magnetic field and spectral dependences of the circular polar-
ization were measured. The degree of circular polarization
(DCP) of the PL, P, is defined by

-1

P.(t) = =

&) +1 (). (4)

Here, I'(t) and I (¢) are the intensity of the 6" and ¢~ polar-
ized PL, respectively, measured at time delay ¢ after pulsed
excitation. For cw laser excitation, the measured polarization
degree corresponds to the time-integrated DCP, P, which is
calculated as

we_ JTF(0de — [ 17 (6)dt
P = [t (t)de + [1-(¢)de (%)

5.6. Photoluminescence in magnetic fields up to 30 T

The experiments were performed in the High Magnetic Field
Lab, Nijmegen. The samples were mounted inside a liquid
helium bath cryostat (7 = 4.2 K), which was inserted in a
50 mm bore Florida-Bitter magnet with a maximum dc mag-
netic field of 32 T. The emission of a 405 nm cw diode laser
was focused onto the sample using a lens (10 mm focal
length), and the same lens was used to collect the PL. The
polarized PL was dispersed with a 0.5 m spectrometer and
measured with a liquid nitrogen-cooled charge-coupled-device
camera.
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